ABSTRACT: The late-stage larvae of the reef fish Pomacentrus coelestis were collected using light traps at stations on a cross-shelf transect near Northwest Cape, Western Australia, during the spring and summer months (October to February) of 1997-98 and 1998-99. Physical (water temperature, wind) and biological (chlorophyll a, zooplankton abundance) variables were measured concurrently at each station. In 1997-98, environmental conditions were characterised by intrusive upwelling onto the shelf, relatively cooler water temperatures and higher chlorophyll a and zooplankton biomass. During the 1998-99 summer, water temperatures were warmer, and chlorophyll a and zooplankton biomass were relatively low. Catches of P. coelestis were much lower in the first summer (197 fish) than the second (1483 fish). Records of planktonic growth were obtained from otoliths of subsets of larvae from both summers. Growth varied among months within each summer; however, on average, larvae grew more slowly in the 1997-98 summer than the 1998-99 summer (0.48 mm d -1 vs 0.53 mm d -1 respectively), despite the presumed food (copepods) being more abundant in the plankton. Partial correlation analysis showed that water temperature explained approximately 30% of the variation in growth of larval P. coelestis. In contrast, chlorophyll a and zooplankton abundance explained much less (4.1 and 3.5%, respectively). 
INTRODUCTION
The mortality suffered by the planktonic eggs and larvae of marine fishes is thought to be strongly influenced by growth rate, such that fast-growing fish have higher rates of survivorship than slow-growing fish of the same age (Anderson 1988 , Bailey & Houde 1989 . High rates of mortality, in combination with the great abundance of egg and early larval stages, mean that small changes in growth rates in the plankton can lead to very large fluctuations in the numbers of fish becoming juveniles and adults (Houde 1989 , Cushing & Horwood 1994 . For this reason, larval growth and survivorship are central topics in fisheries research.
Food supply and water temperature are believed to be the primary environmental determinants of marine fish larvae growth rates (Heath 1992 , Houde & Zastrow 1993 . Generally, the influence of food has received more attention than temperature (Blaxter 1992 , Heath 1992 . The reasons for this are partly historical, in that the importance of food quality and quantity to the growth and survivorship of larvae was recognised by Hjort (1914) early last century, while studies of the effects of temperature have a more recent origin (Houde 1989 , Blaxter 1992 .
In the warm waters of the tropics, larval fish have relatively fast growth rates that require high rates of food intake (Houde 1989 , Houde & Zastrow 1993 . Additionally, tropical fish larvae inhabit an environment where seasonal cycles of temperature are damped in comparison to temperate regions. Under such conditions, food supply should be the primary determinant of growth rate variability (Houde 1989) . At present, little evidence exists to determine if this is the case. While a number of recent studies have observed differences in growth rates among cohorts of larval coral reef fishes (Wellington & Victor 1992 , McCormick & Molony 1995 , Searcy & Sponaugle 2000 , Wilson & Meekan 2002 , none of these concurrently examined the feeding environments that were experienced by larvae. In one study, water temperature was found to explain up to 30% of the variability in planktonic growth rates of the tropical goatfish Upeneus tragula over a 2 mo period (McCormick & Molony 1995) . However, the extent to which temperature and food availability were correlated during this time was unknown.
Summer upwelling events, in combination with tides and internal waves, episodically intrude cool, nutrient-rich waters onto the southern North West (NW) Shelf of tropical Western Australia (Holloway et al. 1985) . These events trigger short-term pulses of elevated primary production (M. Furnas unpubl.) . Though the copepod community of the area acts as a 'weak link/strong filter' (sensu Runge 1998) between primary production and higher trophic levels, in upwelling years there is an accumulation of zooplankton biomass potentially available as food for fish larvae (McKinnon & Duggan 2001) . In years not characterised by upwelling, zooplankton biomass is lower, and water temperatures higher (McKinnon & Duggan 2001) . These contrasting environments provide an opportunity to examine the relative importance of food and temperature to the planktonic growth and survival of the larvae of tropical reef fishes. If food availability is the primary factor regulating growth of larvae, then growth rates should be greatest during years of stronger upwelling, when conditions on the NW Shelf favour the production of food resources. Alternatively, if temperature is the principal factor driving larval fish growth, then growth rates should be highest during years of lower upwelling and productivity when surface waters are warmer.
We tested these predictions on the southern NW Shelf during 2 summer recruitment seasons for reef fishes. The first of these summers (1997-98) was characterised by El Niño/Southern Oscillation conditions that contributed to lower water temperatures and enhanced regional productivity, while La Niña conditions and well developed stratification of the water column with warmer temperatures, and lower regional productivity typified the second summer (M. Furnas unpubl.). The subject of the study was the damselfish Pomacentrus coelestis. Damselfish show variation in larval growth rates at both regional (1000s of km, Thorrold & Milicich 1990 , Wellington & Victor 1992 and local (10s of km, Wilson & Meekan 2002) scales. P. coelestis has a very broad distribution, occurring from cool, subtropical waters to equatorial regions throughout the Indo-Pacific (Allen 1991) . P. coelestis larvae are thus capable of tolerating a broad range of environmental conditions while in the plankton. Adults are abundant on coral reefs of the NW Shelf (M. G. Meekan & A. Halford unpubl.) . We used otolith analysis to examine age and growth of larvae collected just prior to settlement in each of the 2 summers. These traits were compared with concurrent estimates of chlorophyll a concentrations, zooplankton abundance and patterns of larval supply.
MATERIALS AND METHODS
Field study. Data were collected on a series of 5 cruises of 10 d duration centred around successive new moons in the spring and summer months (October to February) of 1997-98 and 1998-99. All sampling was conducted at stations along a cross-shelf transect extending from the inner shelf (Stn A, 15 m water depth, Fig. 1 ) to the outer continental slope (Stn H, 750 m water depth, Fig. 1 ). Environmental variables, chlorophyll a and zooplankton biomass. Wind speed and direction were measured by a weather station located at Milyering on the west coast of the Cape Range Peninsula. At each light trap station, a CTD equipped with a fluorometer was deployed to within a few metres of the bottom to determine water temperature, salinity and chlorophyll a concentration. The fluorometer was calibrated against bottle casts collected during each cruise. Vertical zooplankton hauls (to a maximum depth of 60 m) were collected with a 0.5 m diameter, modified WP-2 net of 73 µm mesh fitted with a flowmeter. Each net sample was split in half using a Folsom plankton splitter. One half was filtered onto a preweighed 73 µm mesh disk and frozen, while the other was preserved in formalin. In the laboratory, the frozen filter was dried and re-weighed to estimate zooplankton biomass (mg dry wt m -3 ), while the preserved sample was identified to provide an estimate of community composition and abundance of zooplankton.
Larval fish. Late stage larval fish were captured using light traps (Doherty 1987 ). This method selectively targets photopositive fishes in the days just prior to their settlement on reefs (Meekan et al. 1993) . The design of the traps is shown in Meekan et al. (2001) . Four traps were deployed at each station. Two traps were suspended from buoys at the surface so that their entrance slits were at approximately 1 m depth, while the second pair of traps fished 3 m off the bottom at shallower stations and at a maximum of 75 m depth at offshore stations. The surface floats of the deep light traps were tethered to the surface traps. Up to 4 inshore (Stns A-D) or offshore (Stns E-H) stations were sampled each night. Traps were released from the vessel and allowed to drift with the current for 1 h, after which time they were retrieved. Catches were washed from the traps and immediately preserved in 100% ethanol.
Otolith analysis. Otoliths from 75 Pomacentrus coelestis collected by light traps in each of the summers were analysed. The fish were selected in proportion to the numbers collected on each cruise and their distribution in 1 mm size classes of standard length (SL) within each cruise. Lapillae were dissected from each fish and cleaned of adhering tissue. One of the pair of lapillae was mounted over the edge of a glass slide using thermoplastic glue and the protruding portion ground off on lapping film. The glue was then heated and the otolith reorientated so that it sat upright on the cut edge in the centre of the slide. The upright portion of the otolith was then ground on lapping film to produce a thin transverse section that contained the nucleus. Sections were viewed under immersion oil with a compound microscope using transmitted light at 1000× magnification. An image analysis system (OPTI-MAS) was used to measure the width of each increment from the nucleus along the longest axis of the otolith. It was assumed that the first increment closest to the nucleus of the otolith was formed at the time of hatching (Campana & Neilson 1985 , Wellington & Victor 1989 .
Data analysis. Differences in temperature, chlorophyll a concentrations, zooplankton biomass and the abundance of total zooplankton, copepods and Pomacentrus coelestis were compared by 3-way, fixedfactor analysis of variance (ANOVA). For P. coelestis factors included year , month (November to February) and station (B to E). These included those months when, and stations where, P. coelestis was present in catches. For the remaining variables, factors included year , season (spring -October and November; summerDecember, January and February) and station (A to H). Prior to analysis, data were tested for heteroscedasticity by Cochran's procedure (Weiner 1971) and, where necessary, log-transformed to stabilise variance. It was also necessary to pool biological and physical data (excluding fish abundance) into seasons to conform with the assumptions of the analysis. For the variables differing significantly among factors, homogeneous subsets were extracted by Tukey's HSD test (Zar 1984) . The critical probability level for significance testing was set at 5% for all statistical analyses.
Partial correlation analysis was used to examine the relationship between growth rates, represented by log-transformed daily increment widths, and temperature, chlorophyll a, log of zooplankton biomass and the log abundance of total zooplankton and copepods. Only daily growth rates of fish for which a complete set of physical and biological data was available were included in the analysis (n = 136).
Otolith radii and increment widths provided daily growth records of Pomacentrus coelestis in the plankton. Monthly and seasonal patterns in growth were analysed using repeated measures MANOVAs (Chambers & Miller 1994) . These analyses compared radii and increament widths of fish among cruises (November, December, January and February) and summers (1997-98 and 1998-99) . As variance increased with age, radii data sets were natural log-transformed prior to analysis. Age at capture in light traps varied among individuals. Since a repeated measures MANOVA requires identical record lengths for all individuals in the analysis, we trimmed data sets to 1 to 17 d after hatching, the age of the youngest fish at capture. Wilks Lambda was used as the test statistic. Where there were significant results in the MANOVAs, univariate F-tests were used to identify days where there were significant differences in otolith radii and increment widths among cruises and summers. As differences among individuals were likely to be small, these analyses used otolith growth to avoid errors that are likely to be introduced by back-calculation of fish size from otoliths (Chambers & Miller 1994) .
RESULTS

Environmental data and plankton standing stock
Strong and consistent southwesterly (alongshore) wind was a consistent feature of El Niño-Southern Oscillation conditions in the 1997-98 summer. There was a strong diel variation in wind strength, with the strongest wind during the night. This wind pattern created suitable conditions for offshore Ekman transport of surface waters and the upwelling of cool, nutrient-rich water onto the shelf (M. Furnas unpubl.). In the 1998-99 summer, winds were more variable in both direction and strength. Upwelling-favourable wind conditions were less common, with the result that the water column on the continental slope was frequently stratified. Warm, nutrient-poor water was present on the shelf through most of the summer (M. Furnas unpubl.).
A multi-factorial ANOVA confirmed that average water temperatures in the upper 20 m of the water column at Stns A to H on the shelf were significantly higher in the second summer than the first. During both summers, water temperatures increased from late spring (October to November) to summer (December to February) (Fig. 2 , Table 1) .
Analysis of chlorophyll a data at Stns A to H resulted in significant interactions among factors. A posteriori tests (Tukey HSD for unequal sample sizes) were inconclusive. However, chlorophyll a concentrations tended to be greater at inshore Stns B, C and D during October and November and more uniform across the shelf from December to February (Fig. 2 , Table 1 ).
On average, the biomass of zooplankton captured by the 73 µm mesh plankton net was 3 times greater in the first summer of sampling than the second (74.59 mg m -3 vs 26.77 mg m -3 ), with significantly higher standing stock in the summer of 1997-98 than all other year-season combinations (Fig. 2, Table 1 ). Strong cross-shelf patterns in zooplankton biomass were also evident, with higher biomass occurring at inshore Stns A, B and C than at offshore Stns F, G and H in both summers (Table 1) .
Both total zooplankton and copepod abundance were significantly higher in the first year of sampling (Fig. 2, Table 1 ). However, only total zooplankton abundance showed a significant increase from spring to summer and a difference between inshore and offshore locations (Fig. 2, Table 1 ).
Growth of larval fish
Significantly fewer pre-settlement Pomacentrus coelestis were collected by light traps in the first summer than in the second (197 vs 1483; Fig. 3 , Table 1 ). The majority (95%) of these fish were caught at Stns C and D at the edge of Exmouth Gulf.
The average size of fish collected by the traps (15 mm ± 0.9 SD) was similar in both summers (Kolmogorov-Smirnov [KS] test, p > 0.05), although fish collected by the traps in the first summer tended to be Fig. 4A ).
Otolith analysis showed that Pomacentrus coelestis larvae grew slowly in the first 2 to 3 d after hatching (Fig. 4B) . Growth rate then increased, peaking around 17 to 18 d and then gradually declining until capture by traps, which for the average fish occurred after 22 d (± 2.61 SD) in the pelagic environment. Variance in the size-at-age data sets suggested that size differences established by 4 d after hatching persisted during pelagic life (Table 2 ). This was supported by significant correlations among daily otolith increments ( Table 2 ). Fish that were fast-growing 4 d after hatching tended to maintain high growth rates during the remainder of planktonic life. Thus, growth patterns in this species were established within a few days of hatching and exhaustion of food supplies from the yolk sac, which for this species occurs 2 to 3 d after hatching (M. McCormick pers. comm.).
Repeated-measures MANOVAs of otolith radii data are summarised in Table 3A . The radius-at-age trajectories differed significantly among cruises and between summers, although the shapes of growth trajectories were similar in both summers, as there was no significant interaction between the factors of age, cruise and summer. On average, the sizes of otoliths of fish collected in the second summer were larger at age than those collected in the first summer from 8 d after hatching (Table 3B , Fig. 5 ). Univariate tests (Table 3B) showed that, with the exception of the 4th and 5th day after hatching, there were also significant differences in trajectories of otolith growth among cruises. In both years, fish collected in November were larger at hatching than those collected during other months (Fig. 6) .
Results from the repeated-measures MANOVA of daily increment widths were similar to those of otolith radii. The analysis identified significant and consistent differences in increment widths among cruises and between summers (Table 4A,B). Univariate tests showed that, with the exception of the 7th day after hatching, there were significant differences in increment widths both among cruises and between summers from 5 d after hatching (Table 4A,B) . While trajectories of increment width diverged more quickly among months and were significantly greater in the 1998-99 summer than in the 1997-98 summer (Figs. 5 & 6) , the shape of the curves were similar.
Comparison of larval growth and environmental variables
Water temperature had the highest partial correlation with larval growth rate (Table 5) for approximately 30% of the variance in logtransformed daily increment widths. Chlorophyll a and log of total zooplankton abundance, both of which had a negative relationship with growth rate, were the only other statistically significant parameters, but accounted for only 4.1 and 3.5% of the variance in growth, respectively.
Larval growth and light trap catches
When summed for each month, catches of Pomacentrus coelestis larvae in light traps were moderately correlated (r 2 = 0.57) with the average monthly growth rates (Fig. 7) .
DISCUSSION
If food availability determines the growth of Pomacentrus coelestis larvae, we predicted that growth should have been fastest on the NW Shelf during summers characterised by upwelling events, when conditions favoured food production. Alternatively, if temperature was the factor driving larval growth, then rates should have been highest during the warm waters characteristic of the second summer. Our otolith analyses demonstrated that P. coelestis grew fastest during the summer of 1998-99, when water temperatures were relatively warm, implying that temperature, rather than food, was the primary environmental determinant of growth rate.
Models of population dynamics that involve density-dependent regulation of larval fish growth rates assume that the growth is directly related to food availability and that food is limiting in the plankton (Ware 1975 , Shepherd & Cushing 1980 . Despite the prevalence of these concepts, few field studies have demonstrated significant relationships between food densities and growth rates, possibly because the effect of factors such as temperature and turbulence on larval growth has not been assessed (Heath 1992 , Dower et al. 1997 . Links between food availability and larval growth are thought to be particularly strong in tropical environments. Houde (1989) compared the growth, mortality rates and energetics of marine fish larvae in temperate and tropical regions and found that while tropical larvae grew relatively fast, growth did not appear to be more efficient at warmer temperatures. For this reason, he suggested that food availability was a principal factor regulating growth of tropical larvae, since their higher 199 Table 2 . Pomacentrus coelestis. Summary of covariance in size-at-age data sets. Variances (shaded diagonal) and covariances (lower triangle) are for data sets of otolith radii, and the correlations (upper triangle) are for data sets of daily increments in otoliths. Positive covariance among otolith radii from 4 d after hatching suggests that size advantages established by that time persisted at older ages. Significant correlations among daily otolith increments from Day 4 onwards shows that individuals that had higher increment growth rates by 4 d after hatching tended to maintain higher growth rates growth rates could only be maintained by high food consumption. Consequently, he predicted that tropical larvae might be more sensitive to starvation or low food availability than those in temperate waters, particularly at younger ages. Some support for Houde's (1987) theoretical work is provided by Bergenius et al. (2002) . These authors identified a critical period (sensu Hjort 1914) during the first few weeks of larval life of a tropical surgeonfish Acanthurus chirugus, when growth rates were correlated with the numbers of larvae returning from the plankton to reef habitats. Growth at this time was not correlated with water temperature (M. Bergenius et al. unpubl.) , implying that food availability was the principal factor driving growth rates. Our results contradict this idea, since they suggest that growth rates of larval Pomacentrus coelestis were more closely correlated with temperature, rather than zooplankton abundance (food availability). Strong correlations between larval growth and water temperature have also been recorded for another tropical pomacentrid, Stegastes partitus, by Wilson & Meekan (2002) ; however, their study did not measure food availability and consequently, the relative influence of these factors could not be determined. Similar problems confound the interpretation of the results of a study by McCormick & Molony (1995) , who noted that up to 30% of the variation in growth among larval cohorts of the tropical goatfish Upeneus tragula could be accounted for by differences in water temperature. Searcy & Sponaugle (2000) proposed that differences in the relative importance of temperature and food to the growth of larval fishes in the tropics may reflect variability in early life history traits among species. They suggest that larvae of species with relatively short and invariant larval durations, such as Pomacentrus coelestis (mean = 22 d, range 17 to 30 d on the NW Shelf) may be required to remain in areas where food is very abundant to ensure sufficient growth to a size suitable for settlement. In these habitats, growth may be largely driven by physical factors. In contrast, species with relatively long and variable larval durations, such as Thalassoma bifasciatum (mean = 51, range 34 to 94 d, see Searcy & Sponaugle 2000, their Table 4 ), may be more likely to encounter poor feeding conditions, so that growth is more likely to be influenced by food availability. This hypothesis ignores the possibility that relatively long larval durations might also result in larvae being subjected to greater temperature variation in the plankton, thus does not seem a plausible explanation of differences in the relative importance of temperature to larval growth among species.
Generally, growth rates and stage durations of larval fishes are most strongly correlated with water temperatures at large spatial scales (e.g. Campana & Hurley 1989 , Hovenkamp & Witte 1991 , Rilling & Houde 1999 , Bailey & Heath 2001 . Food availability appears more important at smaller scales, possibly because studies that sample at such scales can encompass only limited ranges of temperature variation (Bailey & Heath 2001) . However, this cannot explain the variation in environmental correlates of larval growth between our study and that of M. Bergenius et al. (unpubl.) , since both collected fish at (1997-98 and 1998-99) and cruise (November, December, January, February McCormick & Molony (1995) and Searcy & Sponaugle (2000) also obtained larvae at spatial scales comparable to those of the present study, although of the 2, the former only sampled for 2 mo. It seems unlikely that the correlation between temperatures and growth of Pomacentrus coelestis larvae occurred because temperature ranges were close to the thermal limits of this species. Strong negative effects on development and survivorship of larval fish can occur when temperatures are elevated or depressed beyond these ranges (Blaxter 1992 , Leach & Houde 1999 , Otterlei 1999 . P. coelestis is, however, geographically widespread and occurs from cooler regions in southern Western Australia, 1000s of km to the south of our study site and throughout the tropics to the equator (Allen 1991 , Hutchins 2001 . The water temperatures recorded in our study are thus likely to be within the range encountered by larvae throughout much of the species distribution. The suggestion that temperature was a principal determinant of growth rates of Pomacentrus coelestis assumes that zooplankton biomass provides an accurate measure of food availability for larvae. Copepods are the dominant taxon in zooplankton communities collected by net tows on the NW Shelf (A. D. McKinnon & S. Duggan unpubl.). The various life-history stages of these organisms are the principal prey of fish larvae, at least in temperate regions (Heath 1992) . The limited information available (see review by Leis 1991) suggests that they are also the major prey of the larvae of tropical shorefishes. If copepods were not an important prey item for P. coelestis, the relatively high levels of primary production we documented in the first summer of sampling may have been transferred along trophic pathways that could not be accessed by the larvae of this species. Alternatively, the zooplankton communities that occurred in the first summer may not have included elements important to the larval diet. Dietary analyses of reef fish larvae on the NW Shelf are ongoing (A. Sampey et al. unpubl.) .
If copepods and nauplii are indeed important prey, there is little evidence to suggest that larval Pomacentrus coelestis inhabit an environment where this food is superabundant. Plankton tows using a 64 µm mesh net recorded average catches of 1 to 3 nauplii and copepodites per litre at stations on the NW Shelf (A. D. McKinnon unpubl.), densities that are lower than those found on shelves and bays in many temperate regions worldwide (MacKenzie et al. 1990 ). However, MacKenzie et al. (1990) caution that food densities recorded by net tows tend to be a poor predictor of larval feeding and that larvae may feed at maximal rates in relatively low densities due to their ability to exploit small scale patchiness in zooplankton distributions and physical processes that enhance encounter rates between larvae and prey such as water turbulence. Additionally, experimental studies show that despite low standing stocks, rates of zooplankton productivity (as measured by copepod egg production) on the NW Shelf were often very high, although the timing of peaks in production tended to be sporadic and unpredictable at scales of hours to weeks (A. D. McKinnon unpubl.).
Our study adds further evidence to the suggestion that growth rates of larvae in the plankton are an 202 important determinant of the magnitude of settlement patterns of reef fishes in the tropics. We found that monthly variation in growth rate could account for over half the variation we found in catches of this species in light traps, although this result must be treated with caution, since the correlation between variables was strongly weighted by a single data point. Significant correlations between monthly larval growth and the supply of larvae to benthic habitats have also been recorded for a surgeonfish Acanthurus chirugus (Bergenius et al. 2002) and another pomacentrid Stegastes portitus (Wilson & Meekan 2002) at the San Blas Archipelago in Caribbean Panama. In the latter case, correlations between monthly growth of larvae and light trap catches were very strong (r 2 = 0.89). The weaker relationship we recorded may be due to the limited duration of our light trap sampling where fish were collected by traps during a 10 d window around the new moon. Due to inclement weather conditions, light traps were rarely deployed on every night of a cruise. During breaks in sampling we may have missed peaks in larval supply, which is notoriously sporadic in both time and space (Doherty 1991) . Wilson & Meekan (2002) sampled for 19 d around the new moon, a period that is known to encompass the time when 95% of newly settling reef fishes arrive in reef habitats in the San Blas (Robertson 1992) .
Fish that were growing fast in the first few days after hatching also tended to be individuals that grew quickly throughout larval life. Thus, the conditions for growth in the days immediately after hatching may be an important determinant of growth rates during later life and ultimately of the magnitude of larval supply. Bergenius et al (2002) also found that growth in the first weeks after hatching of Acanthurus chirugus was strongly correlated with the magnitude of catches on patch reefs. Such findings are consistent with the growth-predation hypothesis (Anderson 1988) , which predicts that the influence of growth on survivorship should be greatest at young larval ages and sizes, since the mortality of larvae due to predation will decline as larvae grow. These and other studies (Searcy & Sponaugle 2001 , Wilson & Meekan 2002 suggest that despite relatively fast growth rates, variability in growth of tropical reef fish larvae has an important influence on the outcome of mortality in the plankton and ultimately on the magnitude of larval supply to reef environments. The present study shows that for Pomacentrus coelestis, variability in larval growth may be largely determined by water temperatures in the pelagic environment. Fig. 7 . Pomacentrus coelestis. Mean monthly larval growth rates versus catches in light traps during 2 summers on the NW Shelf
